Neutrophils are antigen-transporting cells that generate vaccinia virus (VACV)-specific T-cell responses, yet how VACV modulates neutrophil recruitment and its significance in the immune response are unknown. We generated an attenuated VACV strain that expresses HIV-1 clade C antigens but lacks three specific viral genes (A52R, K7R, and B15R). We found that these genes act together to inhibit the NFκB signaling pathway. Triple ablation in modified virus restored NFκB function in macrophages. After virus in-fection of mice, NFκB pathway activation led to expression of several cytokines/chemokines that increased the migration of neutrophil populations (Nα and Nβ) to the infection site. Nβ cells displayed features of antigen-presenting cells and activated virus-specific CD8 T cells. Enhanced neutrophil trafficking to the infection site correlated with an increased T-cell response to HIV vector-delivered antigens. These results identify a mechanism for poxvirus-induced immune response and alternatives for vaccine vector design.
vaccinia virus | neutrophils | NFκB | vaccine | HIV A lthough attenuated vaccinia virus (VACV) is a commonly used vector model for vaccine development (1) , poxviruses have a sophisticated strategy to escape immune surveillance by expressing inhibitory molecules, which could compromise immune response and thus vaccine efficiency. VACV encodes several proteins involved in host immune evasion that limit virus recognition by innate immune cells such as neutrophils and could affect the virus's ability to induce adaptive immunity (2) .
During microbial invasion, neutrophils counteract infection immediately in a process termed microbial sterilization (3), for which they engulf extracellular pathogens and infected and apoptotic cells (4, 5) , they produce reactive oxygen intermediates (6), they release lytic enzymes and antimicrobial peptides from their granules (3), and they generate neutrophil extracellular traps (7) . Neutrophils can induce an adaptive immune response after migrating to the lymph nodes (8) and efficiently crossprime naïve T cells (9) . In the presence of a granulocyte macrophage-colony-stimulating factor (GM-CSF) (10) , tumor necrosis factor (TNF)-α, interleukin (IL)-4 (11), or interferon (IFN)-γ (12) , neutrophils can adopt an antigen-presenting cell (APC) phenotype, thus triggering T-cell activation. In the context of VACV infection, neutrophils generate virus-specific memory CD8 T cells, transporting antigens from the dermis to the bone marrow (BM) (13) . It is nonetheless not known how VACV modulates neutrophil recruitment, the factors involved, or the significance in immune response triggering.
Proinflammatory cytokine/chemokine production by an infected cell, which signals the recruitment of neutrophils involved in the immune response, is limited by inhibition of signaling pathways such as nuclear factor kappa B (NFκB) (2) . NFκB pathway activation depends on the virus's capacity to interact with Toll-like receptors (TLRs). Viral pathogen-associated molecular patterns interact with TLR2 and TLR4 on the plasma membrane (14) . Pathogen-associated molecular pattern binding induces TLR2 and TLR4 homo-or heterodimerization (15) , followed by recruitment of Toll/IL-1 receptor (TIR) domain-containing adaptor proteins such as myeloid differentiation factor 88 (MyD88) and TIR domain-containing adapter protein (TIRAP)/MyD88 adaptor-like (MAL) or TIR domain-containing adapter-inducing IFNβ (TRIF) and TRIF-related adaptor molecule (TRAM) (14) . In the MyD88-dependent and the TRIF-dependent pathways, activation of TNF receptor-associated factor 6 results in IκBα phosphorylation and degradation, allowing release of the NFκB complex, composed of p65/p50 or p65/p52 heterodimers, into the cell nucleus. NFκB then binds the κB site and regulates transcription of proinflammatory cytokine and chemokine genes (14) .
VACV interacts with TLR2 (16) and TLR4 (17) and produces early direct or indirect viral inhibitors of the NFκB pathway such as A46 (18) , A49 (19) , A52 (18) , B14 (20) , C4 (21), E3 (22) , K1 (23), K7 (24), M2 (25) , and N1 (26) . New York vaccinia virus (NYVAC), a highly attenuated VACV strain used as vaccine vector, lacks most of these proteins but encodes NFκB pathway Significance Although poxvirus vectors are widely used in preclinical and clinical trials as candidate vaccines for multiple pathogens, how these vectors affect the host immune response is not clear. In this study, we developed a poxvirus vector based on the attenuated New York vaccinia virus (NYVAC), which is able to target a central host-cell signaling pathway, NFκB. In mice, the modified NYVAC acts on the immune system by increasing specific neutrophil migration via NFκB activation and in turn enhances CD8 T-cell responses to HIV antigens delivered by the viral vector. We show that these inherent properties define a mechanism for poxvirus-induced immune responses and offer novel approaches to vaccine vector design.
inhibitors A52, K7, and B15 (corresponding to B14 in the Western Reserve strain) (2) .
Given the interest in attenuated VACV vectors as vaccine candidates and their optimization as immunogens (1), we generated several NYVAC deletion mutants that express HIV-1 Envelope (Env) and group-specific antigen (Gag)-polymerase (Pol)-negative regulatory factor (Nef) clade C antigens (NYVAC-C) but lack specific genes to encode NFκB inhibitors. We show that A52, K7, and B15 viral proteins inhibit the NFκB pathway in macrophages and that infection with a virus that lacks these three inhibitors results in NFκB pathway activation. NFκB-dependent induction of cytokines and chemokines is enhanced in vitro and in vivo by NYVAC-C ΔA52RΔB15RΔK7R and is essential for specific neutrophil recruitment to the infection site. Neutrophils acquire features of APCs, activate antigen-specific T cells, and migrate to the draining lymph nodes and to the spleen, where they induce antigenspecific CD8 T-cell responses. These findings provide important insights into the mechanism of the poxvirus-induced immune response, which is relevant in vaccine vector design.
Results
Concomitant Deletion of A52R, B15R, and K7R Genes in NYVAC Leads to Enhanced NFκB Pathway Activation. To define the immune modulatory role of the VACV viral genes that antagonize the NFκB pathway, we generated single, double, and triple deletion mutants for the viral genes encoding A52, K7, and B15 (Materials and Methods), using as a backbone the NYVAC-C vector expressing HIV-1 clade C antigens Env (gp120) as a cell-released product and Gag-Pol-Nef (GPN) as an intracellular polyprotein (27) . With this targeted gene disruption, we generated the following NYVAC deletion mutants: NYVAC-C ΔB15R, NYVAC-C ΔA52R, NYVAC-C ΔK7R, NYVAC-C ΔB15RΔK7R, NYVAC-C ΔA52RΔB15R, NYVAC-C ΔA52RΔK7R, and NYVAC-C ΔA52RΔB15RΔK7R (also termed triple deletion mutant or NYVAC-C Δ3 for short). Gene deletion was confirmed by PCR, using primers annealed to flanking sequences of each gene (Fig. S1A) . The gp120 and GPN HIV-1 proteins were expressed correctly by each deletion mutant, as confirmed by Western blot (Fig. S1B) .
To determine the contribution of the NYVAC inhibitors to NFκB activation, we infected murine J774 macrophages with the different single, double, and triple NYVAC-C deletion mutants and performed a time-course assay to evaluate IκBα phosphorylation. We observed a clear increase in the level of IκBα phosphorylation in NYVAC-C Δ3-infected J774 cells compared with the parental or the other deletion mutants. As predicted, this phosphorylation was accompanied by enhanced IκBα degradation (Fig. 1A) . Similar results between parental virus and NYVAC-C Δ3 were obtained following infection of human THP-1 monocytes differentiated into macrophages (Fig. S2A) .
To confirm that increased IκBα phosphorylation in triple deletion mutant-infected cells enhanced NFκB activity, we used electrophoretic mobility shift assay (EMSA) to analyze NFκB binding to its consensus binding sequence motif and an immunofluorescence assay to detect p65 translocation from the cytoplasm to the nucleus. EMSA indicated marked NFκB pathway activation in NYVAC-C Δ3-infected macrophages, with a twofold increase from 3 to 5 h postinfection compared with NYVAC-C-infected macrophages (Fig. 1B) , which was confirmed by immunofluorescence of p65 migration from the cytoplasm to the nucleus (Fig. 1C) . These results suggest that these genes (A52R, K7R, and B15R) must be removed concomitantly from the viral vector to induce robust pathway activation following VACV infection.
A variety of cytokines and chemokines are known NFκB target genes. We therefore analyzed their secretion in supernatants of J774 macrophages infected with the various deletion mutants. Compared with parental and other deletion mutant viruses, only NYVAC-C Δ3-infected cells showed significantly increased production of cytokines such as TNF-α and IL-6 at 24 h postinfection ( Fig. S2B) and of chemokines such as macrophage inflammatory proteins (MIPs)-1α, -1β, and -2 at 4 h postinfection (Fig. 1D) . We observed a similar chemokine/cytokine profile in primary peritoneal macrophages infected with the NYVAC-C deletion mutants (Fig. S2C ). These data indicate enhanced NFκB-dependent chemokine and cytokine secretion after macrophage infection with the NYVAC-C Δ3.
To demonstrate that only one of the three inhibitory molecules is sufficient to abolish NFκB activation, we generated the revertant NYVAC-C Δ3 K7R-rev virus, in which the K7R gene was reinserted in the HA locus (Fig. S1C) ; expression was confirmed by RT-PCR (Fig. S1D) . IκBα phosphorylation, degradation, and chemokine secretion levels in NYVAC-C Δ3 K7R-rev-infected J774 macrophages resembled those of the same cells infected with NYVAC-C ( Fig. 1 E and F) .
Increased in Vitro and in Vivo Neutrophil Migration After NYVAC-C Δ3 Infection. Because chemokines such as MCP-1, MIP-1α, -1β, and -2 or keratinocyte chemoattractant (KC) are essential for recruitment of several cell types, we tested whether a specific cell subset responds to this chemokine-cytokine mixture. We used an in vitro migration assay in which total murine BM cells were allowed to migrate after stimulation with supernatants of the different NYVAC-infected (4 h) J774 macrophages. Only neutrophils (Ly6G + CD11b + ) exposed to NYVAC-C Δ3-infected macrophage supernatants showed significantly more migration compared with the parental virus or the other deletion mutants ( Fig. 2A) . Migrated neutrophils showed the same percentages of early and late apoptotic cells when stimulated with supernatants of NYVAC-Cand NYVAC-C Δ3-infected J774 macrophages (Fig. S3A) .
In a similar experiment, we used a supernatant of J774 cells pretreated with JSH-23, an inhibitor of p65 translocation to the nucleus (28) , and then infected it with the NYVAC virus. The number of neutrophils that migrated toward supernatants of JSH-23-treated NYVAC-C Δ3-infected cells was significantly lower than those that migrated to supernatants of untreated NYVAC-C Δ3-infected cells and was similar to the other NYVAC-C deletion mutants ( Fig. 2A ). These data show that NFκB activation underlies the differences in neutrophil migration induced by the triple deletion mutant virus and its parental strain.
To determine whether infection with the triple mutant virus also leads to increased neutrophil migration in vivo, BALB/c mice were infected by i.p. injection of 10 7 plaque-forming units (PFUs) of NYVAC-C or NYVAC-C Δ3. Peritoneal exudate cells (PECs) were collected 1 h postinfection to study NFκB activation. In PECs of NYVAC-C Δ3-infected mice, IκBα phosphorylation was significantly higher than in PECs of parental virusinfected mice (Fig. 2B) . At 3 and 6 h postinfection, mice that received the triple deletion mutant virus showed a significant increase in neutrophils (Ly6G , which indicated that in the first 6 h of infection, the triple deletion mutant virus promotes neutrophil migration to the infection site before migration of the other hematopoietic cells. After 12 h, we detected no difference in neutrophil migration, but triple deletion mutant virus-infected mice showed a significant increase in monocytes compared with NYVAC-C-infected mice; resident macrophages were absent for both viruses (Fig. 2E) . The infection kinetics indicates that neutrophil migration precedes monocyte migration in NYVAC-C Δ3-infected mice.
To rule out the possibility that increased neutrophil recruitment was caused by differences in virus infective capacity, we replaced the HIV-1 antigen cassette with the GFP gene to generate NYVAC-GFP and NYVAC-GFP Δ3 viruses, which were injected (10 7 PFUs; i.p.) into BALB/c mice. At 3 h postinfection, comparison of NYVAC-GFP Δ3-and NYVAC GFPinjected mice showed similar percentages of GFP + cells in PEC types (neutrophils, monocytes, macrophages, and B and T cells; Fig. 2F ). These percentages indicate that both viruses have similar in vivo infective capacities and that macrophages, which constitute ∼20% of the total peritoneal cell yield, are the most susceptible cell type to NYVAC infection (∼80%). The absolute numbers of GFP + cells indicated that only GFP + neutrophils were significantly higher in NYVAC-GFP Δ3-than in NYVAC-GFP-infected mice (Fig. S3B ), due to a significant increase in neutrophil migration in NYVAC-GFP Δ3-compared with NYVAC-GFP-infected mice (Fig. S3C) .
The peritoneal exudates of NYVAC-C Δ3-infected mice (6 h postinfection) showed significantly higher levels of cytokines such as IL-6 and chemokines such as MCP-1, MIP-1β, and MIP-2 compared with those of NYVAC-C-infected mice (Fig. 2G) . We detected no difference in IL-8 secretion between these two groups ( Fig. S3D ). To demonstrate that the neutrophils were recruited by increased cytokine/chemokine secretion at the infection site, peritoneal exudate pools of 6-h NYVAC-C-and NYVAC-C Δ3-infected mice, free of PECs and viruses, were 7 PFUs of NYVAC-C, NYVAC-C Δ3, or NYVAC-C Δ3 K7R-rev. Boxes with dashed lines indicate absolute numbers of cells in PBS-injected mice. Graphs show mean ± SEM; each point represents an individual mouse. Data are representative of two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. injected i.p. into mice, and neutrophils in the peritoneal cavity were analyzed at 6 h postinfection. Total neutrophils in NYVAC-C Δ3-peritoneal exudate-injected mice were significantly higher compared with those in NYVAC-C-peritoneal exudate-injected mice (Fig. 2H) . These data indicate that enhanced neutrophil recruitment was dependent on cytokine/chemokines produced during the infection.
To determine the chemokine(s) involved in increased neutrophil migration in NYVAC-C Δ3-infected mice, we performed the same experiment in C57/BL6J CCR1 and CCR5 knockout (KO) mice, which are deficient in the CCR1 and CCR5 receptors involved in binding the chemokines MIP and MCP. Total neutrophil number in the peritoneal cavity of NYVAC-C Δ3-infected CCR1 KO mice was significantly lower compared with NYVAC-C Δ3-infected wild-type (WT) mice, although not as low as in NYVAC-C-infected CCR1 KO mice (Fig. 2I ). There were no differences between CCR5 KO and WT mice (Fig. 2I) . These data suggest that the increased neutrophil migration is mediated partially by CCR1 and not by CCR5.
To demonstrate that the enhanced neutrophil migration in NYVAC-C Δ3-infected mice is NFκB-dependent, we infected mice with NYVAC-C Δ3 K7R-rev and analyzed PEC neutrophils at 6 h postinfection. The revertant virus induced a significant decrease in neutrophil number compared with the NYVAC-C Δ3 virus and resembled the value for the NYVAC-C virus (Fig. 2J ).
Enhanced Neutrophil Trafficking After NYVAC-C Δ3 Infection. To determine how neutrophil trafficking after NYVAC-C Δ3 infection occurs, we quantified neutrophils in BM, spleen, lymph nodes, peripheral blood, and omentum. We included omentum in this analysis as it is the primary site of neutrophil exudation and mediates recruitment from circulation to the peritoneal cavity. NYVAC-C Δ3-infected mice had significantly fewer neutrophils in BM but more neutrophils in blood and a larger percentage of neutrophils in omentum than NYVAC-C-infected mice (Fig. 3A) . These changes were the result of increased IL-6, KC, MCP-1, and MIP-1β production in sera of triple deletion mutant-infected mice compared with those infected with the parental strain (Fig. 3B) . No differences were detected in IL-8 levels between the two groups (Fig. S3E) . Compared with neutrophils, at 6 h NYVAC-C Δ3-infected mice had significantly more monocytes (CD115 + ) in the blood than NYVAC-C-infected mice, but we found no difference between the two groups in the percentage of monocytes in BM or omentum (Fig. S3F) .
In the secondary lymphoid organs such as the spleen and mediastinal lymph nodes (MLNs), we found significantly more neutrophils in NYVAC-C Δ3-than in NYVAC-C-infected mice (Fig. 3  C and D) . In MLNs and in the spleen of NYVAC-C Δ3-infected mice, the absolute number of neutrophils was significantly reduced from 6 to 12 h postinfection (Fig. 3 C and D) . We also detected a significant increase in neutrophil death from 6 to 12 h in the spleens of NYVAC-C Δ3-compared with NYVAC-C-infected mice (Fig. S3G) , as well as a clear trend (P = 0.07) in increased MLN neutrophil death (Fig. S3H) . This increase could explain the significant reduction in spleen and MLN neutrophils from 6 to 12 h.
To test a common human immunization route, BALB/c mice also received intramuscular injections of NYVAC-C or NYVAC-C Δ3 viruses. NYVAC-C Δ3 induced a significant neutrophil increase in the spleen at 12 h postinfection (Fig. 3E ) and in draining popliteal lymph nodes (PLNs) at 6 and 12 h postinfection (Fig. 3F ) compared with NYVAC-C.
These data indicate that neutrophil migration occurs in a specific time window and is enhanced after NYVAC-C Δ3 infection. Neutrophils abandon BM, enter the blood stream, and through the omentum reach the infection site, where they encounter infected cells; they subsequently leave toward secondary lymphoid organs to initiate an adaptive immune response.
Neutrophils Act as APCs After NYVAC-C Δ3 Infection. We next characterized the neutrophil population recruited to the peritoneum after infection. Using flow cytometry, we found two populations that differed in cell size and complexity, which we termed Nα and Nβ (Fig. 4A) . To evaluate the morphology of Nα and Nβ populations, we sorted Ly6G + cells. Both populations had clear neutrophil-like morphology, but Nβ cells were larger, more lobulated, and more hypersegmented than Nα cells (Fig.  4B) . In PECs, the Nα subset showed a fourfold increase, whereas the Nβ subset showed a 20-fold increase in NYVAC-C Δ3-infected compared with parental virus-infected mice (Fig. 4C) .
We tested whether acquisition of the Nβ profile depended on direct virus infection of neutrophils or on the cytokine/chemokine milieu produced after infection. Mice were initially infected with NYVAC-C or NYVAC-C Δ3 to induce neutrophil recruitment to the peritoneal cavity and subsequently injected with NYVAC-GFP or NYVAC-GFP Δ3 to infect the migrated neutrophils. Most GFP + neutrophils in mice infected with the parental or triple deletion mutant virus had a Nβ-like profile (Fig. 4D) , indicating that Nβs were more susceptible to the infection than Nα cells. The majority of Nβ neutrophils were GFP − in both mouse groups (Fig. 4E) , which indicated that neutrophil viral infection was not directly responsible for Nβ subset generation. As predicted, the Nβ population (GFP + and GFP − ) was higher in the NYVAC-C Δ3-than in NYVAC-C-infected mice (Fig. 4E) . To demonstrate that Nβ and Nα were recruited by increased cytokine/chemokine secretion at the infection site, peritoneal exudate pools of 6 h NYVAC-Cand NYVAC-C Δ3-infected mice, free of PECs and viruses, were injected i.p. into mice; neutrophils in the peritoneal cavity were analyzed at 6 h postinfection. The absolute numbers of Nα and Nβ neutrophils in NYVAC-C Δ3-peritoneal exudate-injected mice were significantly higher than those of NYVAC-C-peritoneal exudate-injected mice (Fig. S4A) .
Examination of Nβ neutrophils in the spleen and MLNs of NYVAC-C Δ3-infected mice showed significantly more Nβ cells than in NYVAC-C-infected mice (Fig. 4F) . Data are representative of two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
To characterize Nα and Nβ neutrophil phenotype in NYVAC-C Δ3-infected mice, we analyzed the expression of several surface markers including the CD11b activation marker involved in neutrophil adhesion and migration, MHC class I and class II molecules used for presentation of antigenic determinants to T cells, the CD11c dendritic cell (DC) marker, and CD80/CD86 APC costimulatory markers involved in T-cell activation. All neutrophils expressed CD11b, MHC class I, and CD80 markers. The percentage of Nβ neutrophils that expressed MHC class II, CD11c, or CD86 was significantly higher than Nα cells (Fig. 4G) . Moreover, levels of all surface markers were higher in Nβ than in Nα neutrophils, with significant differences in most cases (Fig. 4H) . These results indicate that Nβs have a more APC-like profile than Nα neutrophils.
To demonstrate the APC potential of Nα and Nβ neutrophils, both populations were sorted for Ly6G + (purity, >96%) and cell size and then incubated 16 h with isolated spleen CD8 T cells (purity, >97%; ratio, 1:20) from mice that received i.p. injections of NYVAC or PBS 90 d earlier. Ly6G
+ neutrophils (purity, >96%) sorted from i.p. thioglycolate-injected mice were used as controls. We measured antigen-specific CD8 T-cell activation by intracellular cytokine staining (ICS) of IL-2, IFN-γ, and TNF-α. Nα cells alone did not induce antigen-specific CD8 T activation (Fig. 4I) : The number of cytokine-secreting CD8 T cells was similar to thioglycolate-induced neutrophils (<0.01% of total CD8 T cells). The Nβ-enriched fraction induced a significant increase in CD8 T-cell activation compared with Nα alone (Fig. 4I) . The CD8 T-cell response in PBS-injected mice was subtracted for each group; this response was <0.01% of total CD8 T cells, indicating that the neutrophils did not activate naïve CD8 T cells. These data indicate that Nα cells alone are unable to activate CD8 T cells and that the presence of Nβ cells is sufficient to activate antigenspecific CD8 T cells, suggesting that Nβs have an APC role.
Given the distinct roles of Nα and Nβ in CD8 T-cell activation, we analyzed the Nβ/Nα ratio in the peritoneal cavity of poxvirusinfected mice. In NYVAC-C Δ3-infected mice, this ratio was significantly higher than in NYVAC-C-infected mice, and also compared with MVA-WT-and MVA-C-infected mice (Fig. 4J) . The total neutrophil percentage in MVA-WT-, MVA-C-, or NYVAC-C Δ3-infected mice was similar and significantly higher than in NYVAC-C-infected mice (Fig. S4B) .
NYVAC-C Δ3 Enhances the HIV-Specific T-Cell Response Through
Neutrophil Migration. To study the ability of NYVAC-C Δ3 to induce a specific T-cell response to HIV-1 antigens, we used a DNA intramuscular prime/poxvirus i.p. boost approach. This heterologous immunization protocol is more immunogenic than a homologous combination in activating T-cell responses to HIV-1 antigens (27) .
BALB/c mice were immunized (Materials and Methods), and adaptive T-cell immune responses were measured by ICS of spleen cells. To study the HIV-1-specific T-cell response, splenocytes from infected mice were stimulated with HIV-1 Env-1, Pol-1, or Pol-2 peptides, which are the most immunogenic MHC class I-restricted cytotoxic T lymphocytes (CTLs) peptides of HIV clade C in BALB/c mice (29) or with a pool of overlapping Gag peptides. Alternatively, to study CD8 and CD4 T-cell responses to Env and GPN antigens, splenocytes were pulsed with A20 cells previously nucleofected with the mammalian expression plasmids pcDNA-gp120 (Env) or pcDNA-GPN. To determine the functional profile of CD4 and CD8 T cells, we measured levels of IFN-γ, TNF-α, and IL-2 as well as of lysosomal-associated membrane protein-1 (LAMP-1 or CD107a) as a surrogate marker for induction of killing. We determined the magnitude of the T-cell response as the number of T cells that expressed IFN-γ and/or TNF-α and/or IL-2 and/or CD107a and the polyfunctionality of the response as T cell's capacity to express more than one of these activation markers (13) .
NYVAC-C Δ3 induced a significantly higher specific CD8 T-cell response to HIV intracellular antigens than NYVAC-C, both when Pol and Gag antigens were analyzed separately (Fig.  5A ) and when the overall GPN response was studied (Fig. 5B ). There were no significant differences between both viruses in the magnitude of the specific CD8 T-cell response to the Env extracellular antigen, using either Env-1 peptide (Fig. S5A) or A20-ENV + (Fig. S5B) . Neither virus induced a GPN-specific CD4 T-cell response when stimulated with A20-GPN + . We detected no differences in Env-specific CD4 T-cell response with A20-Env + between two-virus-infected mouse groups (Fig. S5C ).
The quality of the Gag and Pol responses, defined as cytokine production and cytotoxic potential, showed that compared with the parental strain, the triple deletion mutant induced a marked 7 PFUs NYVAC-WT, NYVAC-C, or NYVAC-C Δ3 and IgG2A-pretreated or 1A8-pretreated. The response was measured 11 d after the last immunization, after splenocyte stimulation with HIV-1 peptides/pools. Total value (magnitude) is the sum of total CD8 T cells per spleen that secrete IFN-γ and/or TNF-α and/or IL-2 and/or CD107a. Graphs show mean ± CI. Data are representative of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. increase in the CTL polyfunctional profile (Fig. 5 C and D) . The CD8 T-cell subset that produced IFN-γ, TNF-α, and CD107a was the most representative population induced with Pol and Gag peptides (Fig. 5 C and D) and with A20-GPN + (Fig. 5E ) in triple deletion mutant-infected mice. This CD8 T-cell subset marks the difference in the CTL polyfunctional profile between two-virus-infected mice (Fig. 5 C-E, pie charts) . These results indicate that the triple deletion mutant enhances the magnitude and the polyfunctional profile of specific CD8 T cells to HIV-1 GPN intracellular antigens.
We also used a DNA intramuscular prime/poxvirus intramuscular boost to immunize and measured adaptive CD8 T-cell immune responses by ICS in spleen cells. NYVAC-C Δ3 induced a significantly higher specific CD8 T-cell response to HIV-1 Pol antigen than NYVAC-C; no significant difference was found between two groups in the response to Gag antigen (Fig. S5D) .
To test whether neutrophils are involved in the enhanced HIV-specific CTL response, we depleted these cells in vivo using anti-Ly6G mAb 1A8 administered 24 h before virus boost (30) . Nα and Nβ populations were depleted similarly in 1A8-pretreated/virus-infected mice compared with isotype control IgG2A-pretreated/virus-infected mice (Fig. 5F ). The difference in magnitude of the Pol-1-, Pol-2-, and Gag pool-specific CD8 T-cell responses between viruses was greatly reduced in 1A8-pretreated mice (Fig. 5G ) compared with the significant differences in IgG2A-pretreated mice between two groups (Fig. 5G) .
The increase in HIV antigen-responsive CD8 T cells in mAb 1A8-pretreated/NYVAC-C Δ3-infected mice compared with mAb IgG2a-pretreated/NYVAC-C Δ3-infected mice might be due to the greater monocyte activation (based on CD11b and CD62L overexpression) in 1A8-than in IgG2a-pretreated mice (Fig. S5E) . Monocyte numbers in 1A8-pretreated/NYVAC-C Δ3-infected mice were significantly lower compared with IgG2A-pretreated/NYVAC-C Δ3-infected mice, suggesting neutrophil-dependent monocyte migration (Fig. S5F) . We found no differences in DC activation markers (CD80, CD86) or in DC number between the two groups ( Fig. S5 G and H) . These data suggest that neutrophils are involved in the increase in HIV-1 Gag-and Pol-specific CD8 T-cell responses after infection with the triple deletion mutant and that other immune cells induce higher antigen-specific CD8 Tcell responses in the nonphysiological absence of neutrophils.
Discussion
Here we define the biological contribution of the deletion of three VACV inhibitors of the NFκB signaling pathway in the NYVAC genome. The A52, K7, and B15 early proteins, members of the B-cell lymphoma-2 family (31, 32) , are involved in suppression of host immune responses (2) . During infection, A52 and K7 interact with TNF receptor-associated factor 6 and inhibit its kinase activation capacity (24, 33) , whereas B15 binds the IκB kinase complex to inhibit IκBα phosphorylation and degradation (20) . In this study, we focused on the A52, K7, and B15 proteins; using single, double, and triple deletion mutants, we demonstrate that the presence of only one of the three inhibitory molecules is sufficient to abolish NFκB activation, ruling out synergy between these proteins as a mode of action. We establish that combined deletion of A52R, K7R, and B15R is necessary for efficient triggering of the NFκB pathway and neutrophil recruitment.
Neutrophils treated with GM-CSF and/or other cytokines can up-regulate MHC class II and the costimulatory molecules CD80/CD86 (APC markers) and promote T-cell activation (11, 12) . Neutrophils can acquire macrophage (34) or dendritic phenotypes (10) , and such hybrid neutrophil populations with APC-like properties participate in adaptive immune responses (10) . In the context of a tumor, the neutrophil subsets generated in the cytokine/chemokine environment can affect tumor growth by influencing CD8 T-cell activation (35) . In our study, during NYVAC-C Δ3 infection, we observed recruitment of Nα and Nβ neutrophil subsets as a consequence of the cytokine/chemokine profile produced. Nβ neutrophils are more lobulated, larger, and morphologically more complex; display an enhanced activation profile; have higher levels of APC markers (CD11c, CD80, and CD86); and have greater capacity to induce antigen-specific T-cell activation than Nα cells.
MVA induces NFκB activation (23) and robust neutrophil recruitment after intranasal (36) or intradermal infection (37) . We demonstrate that, after i.p. infection, the percentage of neutrophils in MVA-WT-, MVA-C-, or NYVAC-C Δ3-infected mice was similar and that the Nβ/Nα ratio is significantly higher in NYVAC-C Δ3-than in MVA-infected mice. The NYVAC Δ3 vector might thus offer an advantage in generating antigen-specific CD8 T-cell responses compared with the MVA vector.
Attenuated VACV vectors are considered vaccine candidates; specifically, NYVAC, MVA, and ALVAC poxvirus strains are used against emerging infectious diseases and cancer in humans (1). For HIV/AIDS VACV vectors, several strategies have been developed to improve immunogenicity to HIV antigens, such as use of costimulatory molecules, administration of heterologous vectors, and deletion of immunomodulatory viral genes (38) . These approaches have yielded promising results in primates and elicited protection after challenge with simian immunodeficiency virus (39), although effectiveness was limited in the RV144 phase III HIV/ AIDS human clinical trial (40) . In this context, NYVAC-C Δ3 could be considered a valid prototype for future vaccines due to its ability to activate NFκB, to induce specific neutrophil migration, and to enhance CD8 T-cell immune responses to Gag and Pol antigens.
Gag and Pol are the best conserved HIV-1 proteins (41) and are able to shift the CTL response from variable Env epitopes to the conserved Gag and Pol epitopes in the first years of HIV-1 infection (42) . In untreated chronic HIV-1-infected individuals, a Gag CTL response correlates with lower HIV viral loads, decreasing HIV viremia (43); furthermore, it correlates with decreasing viremia in early HIV-1-infected patients with suspension of retroviral therapy (42) . A prophylactic vaccine that induces a Gag CTL response was recently shown to control simian immunodeficiency virus infection (44) . Because the Gag/Pol-specific CD8 T-cell response in NYVAC-C Δ3-infected mice is mainly polyfunctional compared with that of NYVAC-C and because most human HIV nonprogressors preferentially maintain highly functional HIV-specific CD8 T cells (45) , the NYVAC-C Δ3 vaccinia vector might constitute a promising approach for prophylactic and therapeutic treatment. By triggering enhanced NFκB activation and specific neutrophil recruitment, the triple deletion mutant could offer a considerable advantage over current NYVAC-based vectors being tested in phase I prophylactic and therapeutic clinical trials (46) .
In contrast to Gag and Pol responses, NYVAC-C Δ3 does not induce a significant increase in the CD8 T-cell response to Env compared with NYVAC-C. This difference in antigen response probably depends on Env extracellular secretion compared with Gag-Pol intracellular production. Our data suggest greater neutrophil involvement in the engulfment of VACV-infected cells that express intracellular Gag and Pol than of a secreted antigen such as Env, which could be sequestered by macrophages normally found in the peritoneal cavity.
Neutrophils reportedly have difficulties in priming CD4 T cells compared with CD8 T cells after vaccinia infection (13) ; in our model, we observe no CD4 T-cell response to GPN in NYVAC-Cor in NYVAC-C Δ3-infected mice.
After migrating to the lymph nodes, neutrophils can compete with classic APCs (DCs, macrophages) to present antigens (47) , and a direct interaction between antigen-pulsed neutrophils and CD8 T cells has also been proposed (9) . In contrast, VACVinfected neutrophils cannot induce a CD8 T-cell proliferative response in BM in the absence of myeloid APCs (13) . When mice were NYVAC-GFP-or NYVAC-GFP Δ3-infected, we did not detect GFP + -infected neutrophils in secondary lymphoid organs, which would suggest indirect neutrophil infection. Based on this evidence, we speculate that antigen transport results from neutrophil uptake of apoptotic cells in which the antigen has already been processed. The neutrophils that transport processed antigens are able to prime CD8 T cells directly, which then respond/proliferate specifically. In summary, here we identify a mechanism by which the VACV vector NYVAC lacking A52R, K7R, and B15R genes triggers selective immune responses (Fig. 6) . Infection with NYVAC-C Δ3 led to activation of the NFκB signaling pathway in vitro and in vivo, with increased cytokine/chemokine expression followed by specific neutrophil activation and recruitment. This enhanced neutrophil recruitment during infection correlated with an increased CD8 T-cell adaptive immune response specific for heterologous antigens. Further analysis of neutrophil populations identified an activated Nβ cell subtype with APC function that migrated to MLNs and to the spleen. Based on these inherent properties, the NYVAC triple deletion mutant demonstrates a new mechanism for poxvirus-induced immune response that provides a novel basis for virus vaccine vector design.
Materials and Methods
Mice and Injections. BALB/c and C57/BL6J mice (6-8 wk old) were purchased from Harlan. C. Combadière (INSERM, Paris) provided C57/BL6J CCR1 KO mice, and S. Mañes (Centro Nacional de Biotecnología, Madrid) provided C57/BL6J CCR5 KO mice. NYVAC-WT and NYVAC-C vectors were provided by Sanofi Pasteur, and their biological properties have been described (27) . For the heterologous DNA prime/NYVAC boost immunization protocol to assay NYVAC virus immunogenicity, mice received 100 μg DNA-C (50 μg plasmid construct pcDNA-CN54 GP120 + 50 μg plasmid construct pcDNA-CN54 GPN) or 100 μg DNA-ϕ (100 μg plasmid construct pcDNA) by the intramuscular route (27) . Plasmids were purified using the Endofree Plasmid Mega Kit (Qiagen). After 2 wk, mice were immunized i.p. or i.m. with 10 7 PFUs of NYVAC-WT, NYVAC-C, or NYVAC-C Δ3. Mice immunized with sham DNA (DNA-ϕ) followed by a NYVAC-WT boost were used as controls. Viruses. The poxvirus strains used included the genetically attenuated VACVbased vector NYVAC-WT and the recombinant NYVAC-C (27) . Deletion   Fig. 6 . NYVAC-C Δ3 capacity to increase neutrophil peritoneal recruitment and spleen migration compared with NYVAC-C. hypothesis tests (50) . Only antigen response values significantly larger than the corresponding RPMI are shown. Background levels (splenocytes in RPMI) were subtracted from all values used to allow analysis of proportional representation of responses. Analysis and presentation of distribution were performed using SPICE version 5.1, downloaded from exon.niaid.nih.gov. For statistical analysis of T-cell responses to HIV-1 Env antigen, the MannWhitney t test was used. For statistical analysis of cytokine/chemokine expression and in vitro neutrophil migration, one-way ANOVA was applied to compare all viruses used. Student's t test was used for other analyses to establish the differences between two groups.
